We have designed and fabricated a dual-band plasmonic absorber in the near-infrared by employing a three-layer structure comprised of an elliptical nanodisk array on top of thin dielectric and metallic films. finite difference time domain (FDTD) simulations indicate that absorption efficiencies greater than 99% can be achieved for both resonance frequencies at normal incidence and the tunable range of the resonant frequency was modeled up to 700 nm by varying the dimensions of the three-layer, elliptical nanodisk array. The symmetry in our two-dimensional nanodisk array eliminates any polarization dependence within the structure, and the near-perfect absorption efficiency is only slightly affected by large incidence angles up to 50 degrees. Experimental measurements demonstrate good agreement with our simulation results. 
Introduction
Light absorption in plasmonic nanostructures has recently attracted significant interest in the research community for applications such as solar cells [1] [2] [3] , metamaterials [4] [5] [6] [7] [8] , photodetectors [9, 10] , sensors [11] [12] [13] [14] , nanoimaging devices [15] [16] [17] [18] [19] , and thermal emitters [20, 21] . Various nanostructures with enhanced absorption have been proposed utilizing stateof-the-art nanofabrication techniques [22] [23] [24] [25] . Kravets et al investigated high-efficiency absorption in a plasmonic blackbody using a composite grating nanostructure [26] . Nearly complete absorption was observed in the structure at a wide-range of wavelengths and incident angles; however, the optical properties of the one-dimensional refractory metallic coatings were strongly polarization-dependent. Following this work, Kravets et al introduced another design consisting of embedded silver nanoparticles in an Al 2 O 3 dielectric matrix [27] ; the light scattered by the nanoparticles was trapped inside the dielectric matrix, demonstrating an effective absorption near unity. Na et al extended the design concept from a single-layer structure to a multi-layer structure and proposed a design in the infrared range for sensing applications [12] . They demonstrated, both experimentally and computationally, nearly zero reflection in a metal-dielectric-metal structure working in the infrared wavelength regime. Although the aforementioned designs exhibit excellent absorption efficiencies, they are constrained with issues such as relatively narrow working ranges, lack of reconfigurability, or strong polarization dependence. One straightforward way to increase the working range of a plasmonic absorber is to introduce another absorption band into the spectrum by incorporating a functional layer into the structure [28, 29] . The complex design and fabrication, however, have thus far restricted the wide application of this approach.
In this article, we design and fabricate a dual-band perfect plasmonic absorber with reconfigurable band positions. Our design exhibits multiple advantages over other plasmonic absorbers: a wide working range, incident angle insensitivity, simple reconfigurability, polarization independence, and easy fabrication process. We believe that such a design will enhance the functionality of plasmonic absorbers and be valuable in many applications such as sensors, solar cells, and metamaterials. 
Structure design
A schematic and SEM image of our dual-band absorber are shown in Fig. 1 . The physical origin of near perfect absorption is the localization of electric and magnetic dipole resonances in the metal-dielectric-metal structure. The dual-band absorption was realized using elliptical nanodisks, which possess two resonance peaks associated with their major and minor axes [30, 31] . We eliminated the polarization affinity by carefully arranging the elliptical nanodisks in a two-dimensionally symmetric structure. As shown in Fig. 1 , our structure consists of three functional layers comprised of a dielectric layer sandwiched between two metal layers. The top metal layer is a 20 nm thick elliptical gold nanodisk array, where a denotes the length of each nanodisk's minor elliptical axis, b represents the length of the nanodisk's major axis, and d corresponds to the period along both x and y directions. The design parameters (a, b, and d) can be selectively tuned to demonstrate control of the structure's optical properties. The center spacing layer provides a large impendence mismatch between the constituent material and the metal claddings. Here, dielectric materials with relatively low permittivity, such as SiO 2 , MgF 2 , or other polymer materials, are ideal candidates for high absorption [32, 33] . For the real fabrication process, we choose SiO 2 as the spacing layer to verify our design. Figure 1 (b) shows a SEM image of our structure. We can see the pattern of the nanodisks shows a good uniformity along both the x and y directions. The thickness of the dielectric layer is crucial because it affects the dipole resonance; as thickness increases, the resonance effect is diminished and the overall absorption efficiency is reduced. We optimize the performance of the perfect absorber with a 30 nm thick SiO 2 layer and a 150 nm gold bottom functional layer. This thickness is larger than the penetration depth of electromagnetic waves in the infrared regime, and will block any incident light transmitted through the first two layers, leading to nearly zero transmission in the working range of the dual-band absorber. Another function of the thick gold mirror is to interact with the upper nanodisks to form electric and magnetic dipoles which couple the incident electromagnetic energy inside the structure. Therefore, near perfect absorption is obtained (A = 1 -R -T).
Results and discussion

Nearly perfect dual-band absorption
To numerically investigate the performance of our design, we employed a commercial software package (Lumerical) utilizing finite difference time domain (FDTD) methods [34] . In our simulation, the material property of gold was chosen from the software database (Gold (Johnson and Christy)) and the permittivity of MgF 2 was set to 1.9. Periodic boundary conditions were used for both x and y directions, and a perfect matching layer boundary condition was used for the z direction. The mesh size was 8 nm in both x and y directions and 2 nm in z direction. We used a long simulation time of 1000 fs with a step of 0.006 fs to provide reliable results. We set the auto-cutoff value to 1 × 10 6 in our simulation which can be further decreased to get results even closer to the ideal case. Figure 2 (a) shows the reflection and transmission spectra under normally incident electromagnetic plane waves with the fixed polarization state given in Fig. 1 (a) . In the simulation, the thickness of the top layer elliptical gold nanodisk array is 20 nm; the periods along both x and y directions are 600 nm; the minor and major axes of the elliptical gold nanodisks are a = 240 nm and b = 360 nm, respectively; and the bottom gold layer is 150 nm. The SiO 2 dielectric spacer between the two metal layers is 30 nm thick. With these optimized design parameters, nearly zero transmission is obtained within the whole working range of the dual-band absorber, and two perfect absorption peaks are obtained at λ 1 = 1247 nm (A 1 = 99.5%) and λ 2 = 1697 nm (A 2 = 99%). To detail the overall incident wave absorption, the reflection and transmission spectra were also plotted in logarithmic (dB) scale in Fig. 2 (b) Fig. 2 . The reflection and transmission spectra under normally incident electromagnetic plane waves with the fixed polarization state given in Fig. 1 (a) . Results are shown in linear scale (a) and logarithmic (dB) scale (b), respectively.
We further investigate our dual-band absorber by changing the dimensions of the elliptical nanodisks which enables a repositioning of the absorption peaks while maintaining their dualband characteristics. Figure 3 (a) shows a tunable range of resonant frequency which was modeled up to 700 nm without optimizing the period of the nanodisk array. For a = 240 nm and b = 360 nm, nearly zero reflectance was achieved at the wavelengths λ 1 = 1247 nm and λ 2 = 1697 nm. More than 99% absorbance is obtained at both of the resonance frequencies. Increasing the size of nanodisks causes a red shift of the absorption peaks, which is due to the red shift of the plasmonic resonance in each particle with increasing size, in addition to the red shift associated with a decrease in space between particles. For a = 270 nm and b = 390 nm, the two resonance wavelengths shift to λ 1 = 1372 nm and λ 2 = 1824 nm, respectively. For larger nanoparticle sizes, a = 300 nm and b = 420 nm, the two resonance wavelengths move further to λ 1 = 1484 nm and λ 2 = 1954 nm, respectively. We also investigated individual band control by changing the size of only one axis of the elliptical nanoparticle. The result in Fig. 3 (b) shows that the two absorption bands could also be adjusted individually which indicates the great flexibility of our dual-band absorber over the near infrared regime. Fig. 3 . Simulated reflectance spectra of the designed absorber structure at normal incidence with different dimensions of the elliptical gold nanoparticles. A 700 nm tunable range can be conveniently achieved by engineering the sizes of the gold nanoparticles on the top layer. The two absorption peaks can be easily tuned both (a) in parallel and (b) individually.
We conducted additional simulations to investigate the angle dependence of our dual-band plasmonic absorber. For oblique incidence, because there will be a phase shift for the incident electromagnetic field between each period, we used Bloch boundary conditions in the xdirection (propagation direction) for both TE and TM polarization, while maintaining all other aforementioned parameters. Figure 4 shows the absorptivity as a function of both wavelength and angle of incidence under TE and TM polarizations. The two red strips in the figure indicate the two angle-independent high absorption bands. Under both TE and TM polarizations, for incident angles (θ) up to 50 degrees, more than 95% absorption is still obtained for both of the two resonance peaks while maintaining the center frequencies. To detail the absorption peak value degradation between normal incidence and large angle incidence, the absorption efficiencies of different angles for each peak under TE and TM polarization are listed in Table 1 . 
Nanofabrication and experimental measurement
The sample ( Fig. 1 (b) ) was fabricated using standard lift-off electron-beam lithography [25] . First, a 150 nm thick gold mirror is thermally evaporated on a clean glass substrate, then a 30 nm thick SiO 2 film is deposited on the top of the bottom gold layer. Electron-beam lithography and a metal lift-off process are used to define the elliptical gold nanodisks on the top layer. The major and the minor axes of the gold elliptical nanodisks are approximately 360 nm and 240 nm, respectively. Also, 2 nm chromium layers are deposited between each gold/SiO 2 interface to promote adhesion. The reflectivity of the fabricated dual-band absorber at normal incidence is measured with a Fourier transform IR (FTIR) spectrometer (Bruker IFS 66/S) equipped with a liquid nitrogen cooled, mercury cadmium telluride detector. The measured and simulated results under TE and TM polarization are shown in Figs. 5 (a) and (b), respectively. The experimental measurements match well with the simulations and the absorber shows excellent insensitivity to incident polarization. The absorption peaks maintain their position for both longer and shorter resonance wavelengths under different polarizations. For the longer wavelength absorption peak, under both polarizations, the measured results show a resonance wavelength at λ 1 = 1703 nm, matching well with simulations predicting 1679 nm, and the absorption efficiency is slightly reduced from the simulated 99% to 93.2%. For the shorter absorption peak, a 27 nm difference is observed between the simulations and experiments under both polarizations. The resonance wavelength moves from the simulated 1247 nm to the measured λ 2 = 1274 nm and the absorption efficiency decreases to 89.3%. We believe that the slight shift of the absorption peaks comes from the fabrication deviations of the sizes of the elliptical nanoparticles. As we discussed in Fig. 3 , a larger gold nanoparticle size will cause a red shift of the absorption peak; thus it is likely that the size of the fabricated sample is a little bit larger than the simulated parameter. The reduction in absorption efficiency can be mainly attributed to the 2 nm thick chromium layer between the gold/SiO 2 interfaces. These layers affect the magnetic resonance between the top gold nanoparticles and the bottom gold layers. Consequently, reduced absorption efficiency is obtained. Also, the roughness of the fabricated nanoparticle may be another reason to the loss of absorption. The surface roughness will not only increase the scattering, but also affect the thickness of the top layer nanodisk array which is essential to the magnetic dipolar resonance between the nanoparticle and bottom gold film. In addition, the periodic boundary conditions approximate an infinite array in the simulation while the experiment was measured with limited periods; this discrepancy will also affect the results. We may improve the performance of our device by choosing other dielectric layers for real fabrication, such as polymer materials, which have relative low permittivity and do not need adhesive layers. 
Mechanism of enhanced absorption
As stated above, the physical origin of the near perfect absorption in our structure is related to the electric dipolar resonance in the nanodisk array due to localized surface plasmon resonance and the magnetic dipolar resonance between the nanodisk array and gold film. To understand the nature of the magnetic and electric resonances, the charge distribution in multiple cross-sections of a single nanoparticle and the underlying structure were calculated at resonance wavelengths λ 1 = 1697 nm (cross section given along major axis) and λ 2 = 1247 nm (cross section given along minor axis). The results are given in Fig. 6 (a) (λ 1 ) and Fig. 6(b) (λ 2 ) . The charge distribution indicated that anti-parallel currents are formed in the elliptical gold nanodisk and the bottom gold layer creating circulating currents between the two metal layers. This circulating current is known as a magnetic resonance, which results in an artificial magnetic moment that interacts strongly with the magnetic field of the incident light [35] . Therefore, strong enhancements of the localized electromagnetic fields are excited between the two metal layers at resonance frequencies. As a result, the incident electromagnetic energy can be efficiently confined to the intermediate dielectric spacer. In order to better understand the confined electromagnetic energy, the electric field distributions in the cross-sections along both major and minor axis of a single nanoparticle at the resonance wavelengths are showed in Fig. 6(c) and Fig. 6(d) . In our absorber structure, the strongest electromagnetic interactions are obtained at these resonance wavelengths. The enhanced electric fields are confined between the top gold nanodisks and the bottom gold mirror and then transformed into heat. This effect leads to the nearly zero reflectance observed experimentally and computationally. Furthermore, we can confirm, from Fig. 5 , that the two absorption wavelengths of our dualband absorber originate from the interaction between the incident electromagnetic field and the elliptical gold nanoparticles along both the major and minor axes.
Conclusion
In conclusion, we experimentally and numerically demonstrate a dual-band perfect plasmonic absorber in the near-infrared frequency regime by utilizing a metal-dielectric-metal, threelayer nanostructure. Nearly 100% absorption peaks are obtained at the resonance frequencies with the device demonstrating nearly perfect polarization-independence at normal incidence, and maintaining near-perfect absorption at incident angles up to 50°. Moreover, a tunable range of the resonant frequency was modeled up to 700 nm by tuning the dimensions of the nanostructures. Experimental measurements show a good match with the simulation results.
With its excellent performance, our design can be valuable in many applications such as solar cells, metamaterials, and sensing. Also, we believe that perfect absorbers in the visible regime, multi-band or broad-band with simple designs are interesting directions to pursue in future work.
